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In  a  previous  paper  (7)  we  have  proposed  and 
experimentally  investigated  the  hypothesis  that 
biological membranes  behave  as bilayer couples. 
This  hypothesis  states  that  the  two  halves  of a 
membrane bilayer, by virtue of differences in their 
composition of proteins and  lipids, may  respond 
differently to a  given  perturbation; in  particular, 
they  may  expand  or  contract  differently  in  the 
plane of the membrane.  If the membrane forms a 
closed surface, and the two halves remain coupled 
to  one  another  throughout  such  changes in  their 
relative surface areas, the shape of the membrane 
would have to change. This hypothesis was used to 
provide a molecular explanation of the effects of a 
wide variety of small molecule organic compounds 
on  the shapes  of human  erythrocytes. There  is a 
large group of compounds which cause the eryth- 
rocyte to develop crenations (3,  1) (see Fig.  1 A, 
below).  They  do  so  increasingly with  increasing 
concentration until at large enough concentrations 
they cause the cell to form a sphere and eventually 
to lyse. Most of these crenators are amphipathic, 
anionic  molecules,  and  include  some  important 
compounds  such  as  all the  mitochondrial oxida- 
tive-phosphorylation uncouplers,  free fatty acids, 
barbiturates,  phioretin  and  phlorizin,  bilirubin, 
and  salicylates. There  is  another  large  group  of 
compounds  which  cause  the  erythrocyte to form 
cups  or  invaginations.  These  shape  changes  are 
intensified  as  the  concentration  of  such  a  cup- 
former is increased, and as with crenators, at large 
enough  concentrations the cells form spheres and 
eventually  lyse  (3).  Cup-formers  are  almost  all 
amphipathic cations and  include important drugs 
such  as the local anesthetics, phenothiazine tran- 
quilizers,  antihistamines,  colchicine  and vinblas- 
tine, and reserpine. 
At  the  lower  concentrations  in  which  these 
compounds induce crenations and cup-formation, 
they  also  protect  the  erythrocyte  against  hypo- 
tonic hemolysis (for review, see reference 6).  This 
has been attributed to expansion of the membrane 
induced by the binding of the drug,  with little or 
no change in the cell volume; thus, it takes a larger 
volume  increase  to  burst  the  membrane  of the 
drug-treated  than  of  the  untreated  erythrocyte. 
In  this  paper,  our  attention  is confined  to  drug 
effects in these low concentration ranges. 
The mechanism we proposed (7) to account for 
these effects in terms of the bilayer couple hypoth- 
esis is as follows. (A mechanical treatment of the 
bending  of bilayers has  led  Evans  [4]  to  suggest 
independently that  the drug-induced crenation of 
intact erythrocytes is due to an expansion of outer 
vs.  inner  halves of the  membrane.)  In  these  low 
concentration  ranges,  the  amphipathic molecules 
are nonspecifically bound to the erythrocyte mem- 
brane  by  intercalation of their hydrophobic por- 
tions  into  the  lipid regions of the  mosaic mem- 
brane (8) with their ionic groups in the hydrophilic 
surfaces. (To a first approximation, the membrane 
proteins are assumed  not  to  be involved in these 
drug  effects.)  At  equilibrium,  the  anionic  com- 
pounds are peferentially bound to the outer half of 
the lipid bilayer and the cationic ones to the inner 
half. The anionic compounds therefore expand the 
area  of  the  outer  surface  relative  to  the  inner 
surface  of the  membrane,  and  cause  the  cell to 
crenate; the cationic compounds do the opposite, 
and  cause  the  cell  to  form  cup  shapes.  This 
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is  attributed  to  electrostatic interaction  with  the 
negatively charged lipid, phosphatidylserine, which 
is  localized to  the  inner  half of the  erythrocyte 
bilayer  (9,  5).  We  further  suggested  that  drugs 
whose rates of diffusion across the membrane (flip 
rates)  were  very  slow would  be  crenators of the 
intact erythrocyte whatever their net charge, since 
they would perforce be concentrated into the outer 
half of the bilayer. Thus, while chlorpromazine is a 
well-known  cup-former  of  the  erythrocyte,  we 
showed that its close analogue, methochlorproma- 
zinc,  is  a  crenator  (7).  As  a  tertiary  amine, 
chlorpromazine can  flip rapidly across the mem- 
brane in the neutral form and become charged by 
binding  a  proton  on  the  opposite  side.  As  a 
quaternary amine, however, methochlorpromazine 
cannot  be discharged  and  the  molecule therefore 
cannot rapidly traverse the membrane. 
One crucial feature of our explanation of these 
drug-induced  shape  changes  of erythrocytes that 
distinguishes it from  other explanations that have 
previously  been  offered  (6,  2)  is  the  membrane 
sidedness  with which these drugs are presumed to 
act. This feature suggests some specific experimen- 
tal tests of our  proposal which  are the subject of 
this  paper.  These  tests  involve  examining  the 
shapes  of  intact  erythrocytes  treated  with  am- 
phipathic  drugs  under  nonequilibrium  as  com- 
pared  to  equilibrium  conditions.  The  results  are 
entirely  consistent  with  the  mechanism  we  have 
proposed. 
MATERIALS  AND  METHODS 
The reagents and general procedures  for preparation of 
erythrocytes  for  scanning electron  microscopy  were as 
previously described (7). 
RESULTS  AND  DISCUSSION 
In  the  experiments  with  methochlorpromazine, 
intact erythrocytes were  treated  with the drug at 
0.5  mM  concentration  in  an  isotonic Tris-NaCl 
buffer, pH 7.4,  for  10 min at 0~  an aliquot was 
removed and fixed, and when examined was found 
to  be  strongly crenated  (Fig.  1 A)  as  previously 
shown  (7).  The  remainder of the  unfixed suspen- 
sion was brought to 37~  and, after various times 
of incubation, aliquots were removed for fixation 
and  examination  The  cells became  less crenated 
with time. After incubation for I h 45 rain, the cells 
were  about  equally  divided  between  lightly cre- 
hated  and  lightly cupped  shapes  (Fig.  1 B).  Past 
FIGURE  I  Scanning  electron  micrographs  of  normal 
human  erythrocytes treated with 0.5  mM  methochlor- 
promazine  in isotonic Tris-NaCl buffer, pH  7.4. A, at 
.0~  for 10 min; B, at 37~  for 1 h 45 min, at which time 
about equal numbers of cells were lightly crenated (upper 
right)  and lightly cupped (center); C, after washing the 
cells in B once at 0~ 
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cupped.  If the  cells in  Fig.  1 B,  before  fixation, 
were  washed  once  at  0~  by  centrifugation  in 
drug-free  isotonic  buffer  and  then  were  rapidly 
fixed,  they all were  strongly cupped (Fig.  1 C). 
In other experiments not shown, intact erythro- 
cytes crenated by treatment with 1 mM 2,4,6-trini- 
trophenol  (TNP),  or  cupped  with  3  x  10  -5  M 
chlorpromazine  retained  their  respective  shapes 
over a 2-h period under the same conditions. 
In  further  kinetic  experiments,  erythrocytes 
were  treated  with  10  mM  TNP  in  the  isotonic 
buffer for 30 min at  37~  The cells,  when fixed 
and examined, were  strongly crenated (Fig. 2 A). 
If these TNP-treated erythrocytes, not fixed,  were 
subjected to one wash in TNP-free buffer at 0~ 
and were  then fixed  and examined, they were  all 
cupped (Fig. 2 B). When the cell suspension in Fig. 
2 B, before fixation and without further treatment, 
was simply warmed  to  37~  for  5 min and then 
fixed,  the  cells  were  now  crenated  (Fig.  2  C), 
although  less  strongly  than  initially (Fig.  2  A). 
Control  erythrocytes  subjected  to  all  of  these 
manipulations, but with no TNP, showed the usual 
normal biconcave disk shape (Fig. 2 D). 
We  interpret  these  results  as  follows.  Metho- 
chlorpromazine, because of the positive charge on 
its quaternary nitrogen atom, cannot rapidly flip 
across the erythrocyte membrane. If intact eryth- 
rocytes are examined shortly after the addition of 
the drug (Fig.  1 A), the cells are crenated because 
the  drug  is concentrated in the  outer half of the 
lipid bilayer, thus causing the surface area of the 
outer  half  to  expand  relative  to  the  inner,  and 
producing the observed shape change. But this is a 
nonequilibrium state.  With  time  at  37~  the 
methochlorpromazine  molecules  flip  from  the 
outer to the inner half of the membrane where they 
are  preferentially bound at  equilibrium (7).  The 
drug  in the  outer half-layer is always in equilib- 
rium with the drug in the external solution, and its 
concentration  therefore  remains  constant.  The 
FIGURE 2  Scanning electron micrographs of normal human erythrocytes. A, after incubation at 37~  for 
0.5 h with 10 mM TNP in the isotonic buffer; B, same cells as in A after one wash and resuspension  in 10 x 
the cell volume at O~  C, the same cells as in B after incubation at 370C for 5 rain, and D, control cells 
treated as in A, B, and C but without TNP. 
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however, gradually increases with  time (as it also 
does  in  the  cytoplasm).  When  there  are  about 
equal concentrations of the drug in both half-layers 
of the membrane,  the  shape of the cell  is  nearly 
normal (actually,  probably because of the hetero- 
geneity of the erythrocyte population, the cells are 
equally  divided  between  lightly  crenated  and 
lightly cupped [Fig.  1 B]). If at this stage the cells 
are rapidly washed in drug-free buffer at 0~  the 
drug  in  the  outer  half-layer  is  largely  removed, 
without the drug in the inner half having time to 
re-equilibrate;  in  this  nonequilibrium  state,  the 
inner  half layer  is  now expanded  relative  to  the 
outer  half,  and  the  cells  are  all  strongly cupped 
(Fig.  1 C). 
The  fact  that  neither  TNP-crenated  cells  nor 
chlorpromazine-cupped  cells  change their  shapes 
with  time  under  the  conditions  of these  experi- 
ments  indicates  that  one cannot  account for the 
time-dependent  shape  changes  observed  in  the 
methochlorpromazine  experiments  by  some  gen- 
eral  shape-repair  mechanism.  (However, if a  glu- 
cose-phosphate buffer is used in these experiments 
rather  than  the  Tris-NaCl,  there  seems  to  be  a 
significant  but  slow  return  to  normal  shape  of 
drug-induced crenated  and  cupped erythrocytes, ~ 
suggesting  that  under  these  conditions  a  shape- 
repair mechanism may be operative.) 
The  results obtained in the kinetic experiments 
with TNP can be interpreted  in a manner similar 
to that for the methochlorpromazine experiments. 
TNP,  an  anionic  amphipathic  compound,  is  an 
erythrocyte crenator (Fig. 2 A) because at equilib- 
rium there is a  larger concentration bound to the 
outer half-layer than to the inner.  At equilibrium, 
there  is,  however,  a  significant  concentration  of 
TNP in the inner half-layer. If the cells are rapidly 
washed at 0~  the TNP in the outer half-layer is 
largely  removed,  but that  in  the  inner layer does 
not have time to reequilibrate.  In this nonequilib- 
rium  state,  the  inner  half-layer  is  therefore  now 
expanded relative to the outer half, and the cell is 
cupped  (Fig.  2  B).  If these  washed  cells  are  now 
warmed  to  37~  without  any  further  treatment, 
the TNP in the inner half comes to its equilibrium 
distribution  in  the  membrane,  with  a  larger con- 
centration in the outer than in the inner halves, and 
the cells become crenated (Fig. 2 C). At this stage, 
however,  the  cells  are  less  highly  crenated  than 
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originally  (Fig.  2  A)  (that  is,  they  have  fewer 
crenations  and  those  they  have  are  of  larger 
radius) because after the washing there is now less 
total TNP in the cell  membranes than  originally, 
and  the  ratio  of outer  to  inner  surface  areas  is 
accordingly less than it was originally. 
These  results  are  therefore  entirely  consistent 
with,  and  strongly  support,  the  explanation  of 
drug-induced  erythrocyte  shape  changes  that  is 
derived  from  the  bilayer  couple  hypothesis.  We 
have  been  unable  to  explain  the  results  by  any 
other proposed mechanism (6, 2). 
Further  evidence  concerning  these  proposals 
could be  obtained  from a  study of the  uptake  of 
radioactivity  labeled  methochlorpromazine  and 
trinitrophenol  by  intact  erythrocytes and  ghosts. 
Such reagents  are being prepared.  If this mecha- 
nism of erythrocyte shape changes is accepted, an 
important corollary is that  observations of shape 
changes as a  function of time  may be effectively 
used  to  determine  the  flip-rates  of different  am- 
phipathic drugs in the erythrocyte membrane. This 
will be the subject of a later communication. 
SUMMARY 
We  have  previously  proposed  that  if  the  two 
half-layers  of a  membrane  are  different  in  their 
protein and lipid  compositions, they may respond 
differently  to  some  membrane  perturbation  (the 
bilayer  couple  hypothesis).  This  hypothesis  has 
been  applied  to  explain  the  changes in  shape  of 
human erythrocytes that are produced by a variety 
of amphipathic compounds. These compounds are 
presumed to intercalate by their hydrophobic ends 
into  the  lipid  portions  of the  membrane;  if the 
compounds are anions, the binding is preferentially 
to the outer half of the bilayer; if cations, to the 
inner  half.  It  is  proposed  that  such  preferential 
binding  causes  an  expansion  of  one  half-layer 
relative to the other, with  a corresponding change 
in  cell  shape.  The  predicted  sidedness  of these 
shape changes is now demonstrated in experiments 
with  methochlorpromazine  and  2,4,6-trinitro- 
phenol.  Under  appropriate  nonequilibrium  or 
equilibrium  or  equilibrium  conditions,  both  of 
these compounds are shown to be either crenators 
or cup-formers of the intact erythrocyte, depend- 
ing  upon  which  side  of the  membrane  they  are 
concentrated  in.  These  results  therefore  strongly 
support the bilayer couple hypothesis. 
Ms. Polly Matzinger carried out some of the preliminary 
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tended in this study. 
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